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Abstract Chloride ions are essential for proper function
of the photosynthetic oxygen-evolving complex (OEC)
of Photosystem II (PS II). Although proposed to be
directly ligated to the Mn cluster of the OEC, the
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specific structural and mechanistic roles of chloride
remain unresolved. This study utilizes X-ray absorp-
tion spectroscopy (XAS) to characterize the Mn—Cl
interaction in inorganic compounds that contain
structural motifs similar to those proposed for the
OEC. Three sets of model comPounds are examined;
they possess core structures Mn Vi0,X (X=dCl, F, or
OH) that contain a di-u-oxo and two mono-p-oxo
bridges or Mn'Y,0,X (X=Cl, F, OH, OAc) that con-
tain a di-p-oxo bridge. Each set of compounds is
examined for changes in the XAS spectra that are
attributable to the replacement of a terminal OH or F
ligand, or bridging OAc ligand, by a terminal CI
ligand. The X-ray absorption near edge structure
(XANES) shows changes in the spectra on replacement
of OH, OAc, or F by CI ligands that are indicative
of the overall charge of the metal atom and are con-
sistent with the electronegativity of the ligand atom.
Fourier transforms (FTs) of the extended X-ray
absorption fine structure (EXAFS) spectra reveal a
feature that is present only in compounds where chlo-
ride is directly ligated to Mn. These FT features were
simulated using various calculated Mn—X interactions
(X=0, N, Cl, F), and the best fits were found when a
Mn-Cl interaction at a 2.2-2.3 A bond distance was
included. There are very few high-valent Mn halide
complexes that have been synthesized, and it is
important to make such a comparative study of the
XANES and EXAFS spectra because they have the
potential for providing information about the possible
presence or absence of halide ligation to the Mn cluster
in PS II.

Keywords Chloride cofactor - K-edge absorption -
Manganese EXAFS - Photosystem II

Abbreviations bpea N,N-bis(2-pyridylmethyl)
ethylamine - EXAFS extended X-ray absorption fine
structure - FT Fourier transform - /PFE inflection point
energy -+ OEC oxygen evolving complex - PS I
Photosystem II - racn 1,4,7-triazacyclononane - XANES
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X-ray absorption near edge structure - XA4S X-ray
absorption spectroscopy - XRD X-ray diffraction

Introduction

The oxygen-evolving complex (OEC) of Photosystem II
(PS II) is a tetranuclear manganese cluster that catalyzes
the oxidation of water to dioxygen in a multistep process
that requires Ca and Cl for proper function of the cat-
alytic center. The OEC is driven by light to cycle
through five different stages, called S-states (S¢—S,),
collecting four oxidizing equivalents before releasing
dioxygen [1]. Recent X-ray diffraction measurements
have led to a structure of the PS II complex from ther-
mophilic cyanobacteria [2, 3], but at the present reso-
lution it is not possible to discern the presence or
absence of CI ligation to Mn in the OEC. X-ray
absorption spectroscopy (XAS) is a useful tool to di-
rectly probe the metal cluster within the PS Il membrane
protein and has provided a basis for a working struc-
tural model of the OEC [4, 5]. As has been the case with
other protein-bound metal centers, the success of gain-
ing structural parameters from the extended X-ray
absorption fine structure (EXAFS) spectra has moti-
vated the synthesis of structurally relevant model com-
plexes. XAS studies of Mn inorganic compounds with
known structures that mimic motifs of the proposed
OEC structure have already proved beneficial in inter-
preting the PS II data (for reviews see [6, 7]). However,
few studies have addressed the possibility of whether a
Mn-halide interaction can be detected by XAS in mul-
tinuclear Mn complexes; thus the set of compounds in
this study are chosen to clarify this specific aspect of the
structure of the Mn OEC.

It has been known for some time that chloride is an
essential cofactor in the proper function of the OEC, but
its specific structural and mechanistic roles remain con-
troversial [8, 9, 10]. There is one functional CI~ per PS 11
unit [11], and it is unclear whether it is directly ligated to
Mn in any of the five S-states of the oxidation cycle [12].
Studies of the OEC steady-state kinetics with functional
substitutions using Br~ or NO;~ indicate that CI™ is
closely associated with the OEC core rather than with
the protein matrix and is necessary for the S, — S; and
S; — Sy transitions of the water oxidation cycle [10, 11,
13, 14, 15, 16].

The Mn XAS of three sets of inorganic model com-
pounds in this study document the spectroscopic effect of
direct chloride ligation to Mn. All of the compounds
have manganese atoms in the +4 oxidation state and, as
shown in Fig. 1, have di-u-oxo-bridged core structures
(Mn,0O, or Mn30y,); the trinuclear compounds (Mn30y)
also have two mono-u-oxo bridges. These core structures
provide Mn-Mn distances similar to_those reported
for the OEC Mn cluster: 2.7 and 3.3 A. The structur-
ally homologous sets of compounds have different
Mn ligands: for Mn'Y;0,X (X=CI, F, OH) and for

(A)MnzX [X =Cl, F or OH]

and Mn,Cl,(b)

(C) MnyX;(t) [X=ClorF]

N X
N, M| O, [ N
N— |n\o/'\l’|n\N
X N

/ CH,CHj,
N N ZN N |

(tacn) ligand (bpea) ligand

Fig. 1 Schematic of core structures of trinuclear and binuclear Mn
compounds examined: (A) [Mn;O4X(bpea);](ClO4);where X =Cl,
F or OH, (B) [Mn202C12(bpea)2](C104)2and [Mn202(02CCH3)
(bpea),](Cl0y4);; and (C) proposed structure for [Mn,O0,X,
(tacn),](BPhy),, where X=Cl or F. Compounds are labeled
according to the abbreviations used in the text. Bridging ligands
to Mn are shown in the core structure, while terminal ligands are
shown separately in the inset boxes

Mn"v,0,X (X=Cl, F, OH, OAc), where OAc is a
bridging ligand and the rest are terminal ligands. By
systematically examining each set of compounds, one can
gain insight from the replacement of terminal OH and F
ligands or bridging OAc ligand by terminal CI ligands.
Mn X-ray absorption near edge structure (XANES) and
EXAFS are sensitive to these ligand substitutions and
can show whether the changes are significant enough to
be applied to systems where the structure is not known so
as to detect Mn—Cl ligation. The XANES results show
that the trends in K-edge energy are consistent with the
electronegativities of the ligands, but do not provide
more than a qualitative understanding. The EXAFS re-
sults show that replacement of bridging OAc or terminal
OH and F by Cl in structurally homologous sets is easily
detectable and that this might provide a method for
detecting such replacements in systems of unknown
structures such as the OEC.

Materials and methods
Sample preparation

The model compounds used in this study were prepared and
characterized in different laboratories ([17, 18, 19], Armstrong WH,
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preparation; relevant structural parameters are included in the
Tables) {XRD data are unavailable for the compounds described in
[17], but the compounds were characterized by elemental analyses
(C, H, N, Cl, Mn) and magnetlc susceptibility measurements of the
MnV centers} There is one set of trinuclear Mn compounds:
[Mn'V;0,X(bpea);](ClOy);, where X Cl, F, or OH; and two sets
of binuclear Mn com ounds [Mn' 202X2(tacn)2](BPh4)2, where
X Cl or F, and [Mn"Y,0,Cly(bpea),](ClOy,),grouped with [Mn

zOz(OzCCH3)(bpea)2](ClO4); All compounds contain Mn in the
+4 oxidation state, and a schematic of the core structures is pre-
sented in Fig. 1. For convenience in the text discussion, the com-
pounds are labeled according to the number of Mn atoms and the
differentiating ligand of interest as follows: Mn3zCl, MnzF, and
Mn;OH for the Mn trinuclear compounds; Mn,Cl,(b), Mn,OAc(b)
for the Mn binuclear compounds containing (bpea) ligands, and
Mn,Cl,(t), Mn,F,(t) for those containing (tacn) ligands. Samples
for XAS measurements were prepared by carefully mixing each
compound with boron nitride in a 1:10 ratio and then packing this
powder mixture into 0.5-mm thick aluminum sample holders
(4 mmx20 mm) sealed with Mylar windows.

X-ray absorption spectroscopy

XAS data were collected at beam line 2-3 of the Stanford Syn-
chrotron Radiation Laboratory, operating at 3.0 GeV with beam
currents between 70 and 100 mA. A monochromator outfitted with
Si<220> crystals, detuned to 50% to reject higher harmonics, was
used to provide radiation in the 6.4-7.1 keV energy range. The
sample temperature was maintained at 10+2 K with a liquid he-
lium cryostat (Oxford Instruments, Concord, Mass.). Data were
collected as fluorescence excitation spectra using a Lytle detector
[20, 21] filled with argon gas and placed orthogonal to the incident
beam. The fluorescence signal was divided by the incident photon
flux detected at the first ionization chamber (filled with N, gas) to
obtain the absorption Scans were collected from 6520 to 7100 eV,
with step sizes of 0.2 eV in the XANES reglon (6535-6575 eV) and
0.5 A™'in the EXAFS region (k=2-12 A™h. Energy calibration
was achieved by reference to the position of the maximum pre-edge
XAS feature from KMnQOy (6543.3 ¢V, FWHM < 1.7 eV) taken
simultaneously. Two to eight scans were averaged for each sample.
Refer to [22] for further details of XAS data collection.

XAS data analysis

The method of data preparation for XANES and EXAFS analysis
has been previously documented [23, 24, 25] and is briefly sum-
marized here. For each sample, all measured absorption scans were
calibrated and then combined to improve the signal-to-noise ratio.
The pre-edge background was fit to a straight line and subtracted
from the spectra. The data were then divided by the Mn free-atom
absorption and normalized to unity at the absorption edge by
extrapolating a quadratic line fit from the post-edge region to
intersect with the rising edge. The K-edge energy position was
deduced from the inflection point energy (IPE) of the main
absorption edge as determined from the first zero crossing of its
second derivative. Analytical differentiation of the absorption edge
utilized a third-order polynomial fit over a 5 eV region (£2.5 eV
from each data point), a range typically used for PS II XAS data.

For analysis of the EXAFS spectrum, an initial background
removal was performed by fitting a quadratic or polynomial line to
the post-edge region and subtracting it from the spectra. As de-
scribed in Cinco et al. [23], the resulting spectra were then con-
verted into a photoelectron wave vector “‘k- space > and weighted
byk®. A spline function was subtracted prior to performmg a
Fourier transform (FT). The FT contains peaks appearing at
apparent distances R’, representing scatterers at an average dis-
tance R from Mn. Owing to the phase shift, the apparent distance
R’ is generally less than the actual distance R by 0.2-0.5 A.
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The FT peaks at R”>1 A were isolated both individually (when
a clear separation is possible) or in groups, and were back-trans-
formed for fitting to single-scattering amplitude and phase func-
tions calculated using the program FEFF [26, 27]. The crystal
structure coordinates of a representative compound from each core
set of compounds were used to calculate the FEFF functions used
in the least-squares curve fitting of the isolated FT peaks. The fit
extracts four parameters: R, N, o2 andE,, whereN represents the
number of scatterers (per Mn) at distance R and ¢ is the Debye—
Waller factor. No firm theoretical basis exists to guide the choice of
Ey; therefore it was also treated as a variable parameter and was
constrained to be equal for all shells in the fit to reduce the number
of free parameters in the fits. If a compound had available struc-
tural data from XRD measurements, the known coordination
numbers were used as fixed parameters (N) in the EXAFS fits while
all other parameters were allowed to vary. For substantiation of
this approach, we also allowed all parameters to vary within
physically reasonable upper and lower limits, and these results are
included in a section of Supplementary Tables (available online).
The quality of the fit was inspected visually for its overall “enve-
lope” shape and was judged quantitatively by the sum of residuals
between the simulation and the experimental data. This normalized
error @ is calculated from the number of data points N, the
experimental and calculated EXAFS data y(k;), and a normaliza-
tion factor s; as follows:

o= Z]/s

N
Usi=k&>_ 6115 (k)| 2)
J

cxptl )

Xcalcd(ki)]Z (1)

Results
Mn XANES

The Mn K-edge absorption spectra of the three sets of
compounds are presented in Fig. 2, and their respective
second derivatives are shown in Fig. 3. The trinuclear
Mn compounds (Fig. 2A) exhibit a higher intensity in
the pre-edge regions (~6540 e¢V) than the binuclear Mn
compounds. This forbidden transition [Is — 3d] is
noticeably more intense for the MnzOH compound than
for the other trinuclear Mn compounds. A distortion in
the core structure of this compound (observed in the
XRD) [19] and the reduction in the symmetry of the
molecule presumably enhance the “allowedness’ of the
otherwise forbidden transition. Relative differences in
the XANES edge region are better observed in the sec-
ond derivative of the absorption band; Fig. 3A shows
that all three trinuclear compounds have remarkably
similar band shapes, albeit different ‘‘zero-crossing”
positions. The IPE or Mn K-edge energy of the three
compounds appears to correlate with the electronega-
tivity of the differing Cl, F, and O ligands. The more
electronegative the ligand (g > dp > d¢y), the higher the
energy necessary for Mn absorption.

The set of four binuclear Mn compounds share the
same Mn,O, core structure and so are grouped
according to the terminal ligands (bpea and tacn). The
second derivatives of the XANES (Fig. 3B, C) show that
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Fig. 2 Normalized Mn K-edge XANES spectra

0.02 ——Mn,Cl [6551.13 eV]
------ Mn;F [6551.96 eV]
o Mn;OH. [6551.41 €V]
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0.02 —Mn,Cl(b) [6549.86 V]
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Energy (eV)

Fig. 3 Second derivatives of the XANES region shown in Fig. 2
calculated using a 5 eV differentiation interval. The IPE listed for
each compound was determined from the zero-crossing position of
the main absorption feature, as indicated by arrows

within each group there is general similarity in the
absorption band shape and K-edge energy. The aro-
matic bpea terminal ligands influence the overall Mn
environment towards lower K-edge energy values. Like
the trinuclear Mn compounds, electronegativity plays a
role in the Mn edge energy of each binuclear Mn com-
pound. In the tacn pair (Fig. 3C), the fluoride-contain-
ing compound Mn,F,(t) has a higher IPE than the less
electronegative Mn,Cl,(t), while in the bpea set the dif-
ference in IPE values for the chloride and acetate ligands
is very small (0.07 eV). Although oxygen is more elec-
tronegative than chloride (do=3.44, Oc=3.16), the
contrast is not so great as oxygen compared to fluoride
(0p=3.98). Additionally, differences in the symmetry of
the Mn,OAc(b) core structure imposed by the rigidity of
the acetate bridge may interfere with an unambiguous
determination of the electronegative contribution from
the CI and O ligands. Although qualitative correlations
can be derived from XANES while comparing com-
plexes of similar core structure, this example demon-
strates the difficulty of reducing the complexity of these
absorption edges to a single numerical value when there
are significant changes in the surrounding structure.

Mn EXAFS

Figure 4 shows the k’-weighted EXAFS spectrum of
each compound; the FT of the EXAFS spectrum of each
compound is shown in Fig. 5. The k-space spectra for

[e<]

—Mn;Cl
A
0
s, "
81 M
—Mn,Cl,(b)
........... anOAc(b)
T
B 2 o
54
<
e
8]
8
84
— Mn,Cly(t)
------ Mn,Fy(1)
C
81, , } +
M 6 8 10

wave vector k (1/A)

Fig. 4 Background-subtracted k-space Mn EXAFS weighed by &°



each set of compounds (Fig. 4) show that replacement of
OAc, OH, or F by Cl gives rise to significant changes in
the spectra, both in the amplitude and the frequency of
the EXAFS modulations. The replacement of the
bridging OAc by terminal Cl ligands produces the most
dramatic change in the k-space spectrum. This is ex-
pected because the Mn—-Mn distance in these two com-
pounds is noticeably different: 2.76 A in Mn,Cly(b) and
2.58 A in Mn,OAc(b)[18, 19]. In addition, the Mn—CI
distance (2.27 A) in Mn,Cl,(b) is longer than the average
Mn-O distance of the acetate bridge in MnyOAc(b)
(1.94 A).

The changes seen in the k-space spectrum are more
easily observable in the FTs (Fig. 5) of the EXAFS
spectra shown in Fig. 4. The FT peak labeled I (in
Fig. 5) contains the backscattering from bridging O, and
terminal O and N, ligands at distances of ~1.8-2 A to
the Mn. Fourier peak III contains backscattering from
the bridged Mn atoms in these multinuclear complexes.
In Fig. 5A, peak III is split into two, indicating the
presence of a 2.7 A Mn-Mn distance from di-u-oxo-
bridged Mn atoms and also a 3.3 A Mn-Mn distance
from the mono-p-oxo-bridged Mn atoms. Most impor-
tantly from the perspective of this study, the FTs show
that only the chloride-containing compounds have a
unique feature near apparent distance R"=1.7 A (peak
IT) that is absent or attenuated in the other compounds.
Isolating this Fourier peak II and fitting its back-trans-
formed k-space spectrum (i.e., Fourier filtering) with

— Mn,Cl
........... Mn3OH
02r N - T e
A
0.14
.ai:\,:
oo I
—anclz(b)
........... Mn,OAc(b)
2 02
E I m
B 2
=
E 0.1
0.0 [
Lo —anclz(t)
C

Apparent distance R' (A)

Fig. 5 Fourier transform spectra of k’-weighted Mn EXAFS
shown in Fig. 4
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calculated Mn—X pairs of known identity and bond
length reveals the characteristics of the interacting li-
gand. Because it is not possible to fully separate this FT
peak from the neighboring interactions, the R"=1.7 A
peak Il in each case is filtered together with the strongest
neighboring interactions, as a group, for the fitting
analysis. The following method was used for the fitting
analysis: the coordination numbers (N) were fixed at
integral values derived from the structure when it is
known and all other parameters were allowed to vary
between physically reasonable constraints. For valida-
tion of this approach, fits were also carried out where all
parameters were allowed to vary. The resulting fits be-
haved similarly regardless of whether N was fixed and
the results from these simulations are included in the
Supplementary Tables section. The fits of the chloride-
containing compounds are described below.

The FT profile of the Mn3Cl compound (Fig. 5A)
shows a shoulder near R"=1.7 A, which was isolated
along with the first peak. Table 1 contains the parame-
ters used in simulating the Fourier-filtered EXAFS wave
with calculated interaction shells (Mn—-O, Mn—N, and
Mn—Cl) to represent the nearest atoms to Mn. The
graphical results of the best simulations are plotted
along with the isolated data in Fig. 6. In each fit,
bridging oxygens are grouped apart from the terminal
ligands. An initial two-shell simulation of the Mn3zCl
compound (Table 1, fit 1-1) is improved by adding a
third interaction shell of Mn—-O or Mn—Cl with N=0.3
(Fig. 6). The Mn—Cl interaction greatly improves the
two-shell simulation (A[®]=-36%), whereas a Mn—-O
interaction shell at a similar distance is only marginally
better (A[® ]7—7%) The Mn—ClI distance gained from
the fit (2.30 A) is close to that observed by XRD
(2.24 A).

Although not included in this study, parallel fits of
the MnzF and Mn3;OH compounds were systematically
carried out to document the effect of using a Mn—Cl
interaction shell when there is no chloride present in the
compound. This exercise showed that the initial two-
shell simulation worsens as expected when a Mn—Cl

Table 1 Parameters obtained from simulations of isolated EXAFS
Fourier transform peaks (I, II) of Mn;Cl. Coordination numbers
(N) have been fixed according to published XRD data [19, 20] and
interatomic distances obtained by XRD are included for compar-
ison. A[®] shows the relative improvement to the normalized error
sum @ from fit 1-1. The isolated FT data and resulting best fit are
shown in Fig. 6

Fit label Atomic ~ R(A) N %A% @x10° A[®] XRDR
interaction A)

1-1 Mn-O 1.79 2.7 0.0037 1.023 1.798
Mn-N 2.11 3.0 0.0031 2.075

1-2 Mn-O 1.79 2.7 0.0034 0952 -7% 1.798
Mn-N 2.10 3.0 0.0038 2.075
Mn-O 2.15 0.3 0.0010

1-3 Mn-O 1.79 2.7 0.0028 0.652 —-36% 1.798
Mn-N 2.08 3.0 0.0042 2.075
Mn-Cl 230 0.3 0.0010 2.242
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Fig. 6 Fourier-filtered k-space EXAFS oscillation corresponding
to FT peaks I and II of Mn3Cl (shown in Fig. 5A), FT peaks I, II,
and III of Mn,Cly(b) (shown in Fig. 5B), and FT peaks I and II of
Mn,Cl,(t) (shown in Fig. 5C). In each case, the isolated data are
compared with the simulation that includes a Mn—Cl interaction
shell. The atomic interaction shells used and the resulting
parameters from each fit are detailed in Tables 1, 2, and
3respectively

interaction is included in place of a Mn—F or Mn-O at
approximately the same distance; however, if the Mn—Cl
shell is_allowed to reach longer interatomic distances
(>2.2 A), a better overall fit can be obtained (Supple-
mentary Tables S4 and S5). Although it may be difficult
to identify Cl unequivocally from any one complex, it is
clear from the comparison of the FTs between the
MnsF, Mn;OH, and Mn;Cl complexes that the FT for
the Cl-containing complex is distinct. This is the kind of
comparison between Cl-containing and Cl-free PS II
that we envision for the future.

The EXAFS simulations of the binuclear Mn com-
pounds lead to similar conclusions to Mn3Cl. Both show
strong peaks near R"=1.7 A which can be isolated along
with the nearest FT features. In Mn,Cly(b), the middle
peak feature cannot be cleanly separated from the longer
distance interactions so the entire three-peak profile has
been filtered and analyzed as a group (Table 2, Fig. 6).
Because this FT isolate includes all three peaks and
expands to R’~3 A, longer distance interactions like
Mn-C must be included in the simulation. A good fit is
already obtained starting with a four-shell simulation
(Fit 2-1) representing all core and terminal ligands ex-
cept for Cl. As in Mn3Cl, this initial fit was improved
upon adding another short-range interaction at a fixed

Table 2 Parameters obtained from simulations of isolated EXAFS
Fourier transform peaks (I, II, III) of Mn,Cly(b). Coordination
numbers (N) have been fixed according to published XRD data [18]
and interatomic distances obtained by XRD are included for
comparison. A[®] shows the relative improvement to the normal-
ized error sum ® from fit 2-1. The isolated FT data and resulting
simulated best fit are shown in Fig. 6

Fit label Atomic ~ R(A) N % (A% @x10° A[®] XRDR
interaction (A)

2-1 Mn-O 1.79 2.0 0.0048 0.176 1.811
Mn-N 207 3.0 0.0055 2.033
Mn-Mn 275 1.0 0.0029 2.756
Mn-C 3.00 7.0 0.0070 2914

222 Mn-O 1.78 2.0 0.0052 0.112 -36% 1.811
Mn-N 2.03 3.0 0.0178 2.033
Mn-Mn 275 1.0 0.0026 2.756
Mn-C 299 7.0 0.0072 2914
Mn-O 208 1.0 0.0022

2-3 Mn-O 1.78 2.0 0.0049 0.088 -50% 1.811
Mn-N 2.10 3.0 0.0127 2.033
Mn-Mn 274 1.0 0.0027 2.756
Mn-C 298 7.0 0.0100 2914
Mn-Cl 221 1.0 0.0090 2273

coordination N=1.0. Table 2 shows that the simulation
including Mn—Cl (A[®]=-50%) is a better choice than
Mn-O (A[®]=-36%). The Mn-Cl distance obtained
from the fit is 2.21 A and is comparable to that mea-
sured through XRD (2.273 A). Figure 6B shows the best
fit to the data.

In the case of Mn,Cl,(t), there is no available XRD
structure. Assuming from the compositional analysis
that it has a core structure similar to Mn,Cly(b), the
coordination values in each fit have been fixed analo-
gously. FT peaks I and II (Fig. 5C) are isolated together
and the resulting fit parameters are reported in Table 3,
while the best simulation and data are plotted in Fig. 6.
The error sum @ is once again lowest in the simulation
that includes a Mn—Cl interaction shell over other likely
Mn-O or Mn-N shells. The resulting Mn—Cl bond dis-
tance (R=2.27 A) is comparable to those of the other
two compounds. Relaxing all fit parameters to find
the lowest mathematical minimum arrives at the same

Table 3 Parameters obtained from simulations of isolated EXAFS
Fourier transform peaks (I, 1) of Mn,Cl,(t). Coordination num-
bers (N) have been fixed according to its compositional similarity
with Mn,Cl,y(b). A[®] shows the relative improvement to the nor-
malized error sum @ from fit 3-1. The isolated FT data and
resulting simulated best fit are shown in Fig. 6

Fit label ~ Atomic RA) N A ox10° A
interaction

3-1 Mn-O 1.79 2.0 0.0029 1.159
Mn-N 207 3.0 0.0038

3-2 Mn-O 179 2.0 0.0018 0718 —38%
Mn-N 203 3.0 0.0055
Mn-O 214 1.0 0.0010

3-3 Mn-O 177 2.0 0.0010 0262 -77%
Mn-N 200 3.0 0.0056
Mn-Cl 227 1.0 0.0035




general result, namely that the Mn—Cl vector is signifi-
cantly superior to the alternative Mn-O at the same
distance (R=2.2 A).

Discussion
Mn XANES

The XANES region is rich with information and has
thus far eluded complete theoretical analysis. One of the
experimental measures typically reported for K-edge
spectra is the ionization energy. Taken as the first zero-
crossing observed in the calculated second-derivative
function of the main absorption edge, this so-called
“edge energy”’ or inflection point energy (IPE), although
widely reported, is by itself an incomplete representation
of the K-edge absorption. Although it is a qualitatively
adequate practice to compare the IPE values of two
related compounds, it is only a starting point; the
structure-rich profile of the second-derivative absorption
spectrum should also be taken into consideration.

This study addresses the influence of the ligand
environment on the observed Mn XAS, especially in
relation to chloride ligation. This is an issue that is di-
rectly relevant to the proposed water oxidation mecha-
nism of PS II [28, 29] and the unresolved role of the
chloride co-factor. Because XANES records a 1s — 4p
absorption transition (K-edge), the Mn absorption edge
is sensitive to both oxidation state and surrounding li-
gands [30]. The compounds chosen for this study have
manganese in the +4 oxidation state and have been
separated into three sets according to the number of Mn
atoms and the nature of the terminal ligand group. With
the Mn oxidation state kept constant, the effect of the
surrounding ligands on the Mn absorption edge can be
systematically evaluated.

Although all of the compounds in this study have the
same formal Mn*" oxidation state, the variations seen
in the Mn XANES show that the K-edge is sensitive to
changes in the effective charge of the Mn induced by the
electron-donating character of the ligating atoms [31].
This effect is best observed for two structurally similar
Mn compounds with different halide ligands. The
greater electronegativity of the F ligand draws electrons
away from the Mn*" core and therefore shifts the K-
edge absorption towards a higher energy relative to that
for a Cl ligand. The difference in IPE between Mn,Cl,(t)
and Mn,F,(t) is 0.85 eV (Fig. 3C), while in the set of
trinuclear Mn compounds (Mn3Cl vs. MnsF) it is 0.5 eV.
Although different in magnitude, the similarity in
behavior distinctly places the compounds containing
fluoride at a higher IPE than those containing chloride
ligands. This trend is consistent with previous observa-
tions made on tetranuclear Mn cubane compounds
containing a single Cl or F ligand directly ligated to
three of the four Mn atoms [23]. In that case, the Mn K-
edge energy (determined from IPE taken at 6 eV) was
2.8 eV higher for the fluoride-containing cubane relative
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to the non-halide cubane. The higher electronegativity of
fluoride clearly affects the Mn absorption profile in a
consistent manner.

In contrast, the comparison between Cl and O ligands
is not so clearly ordered according to electronegativity.
As noted in the Results section, the structural changes
imposed by an acetate bridge in the case of the
Mn,OAc(b), and hydrogen bonding in MnzOH, affect
the K-edge energy; thus, the IPE values cannot be di-
rectly compared with those of their chloride-containing
analogs. Such subtle structural changes in the entire
surrounding ligand environment of the Mn have a
complex effect on the observed XANES. The differences
in the K-edge profiles (accentuated in the second deriv-
ative shown in Fig. 3) between the two sets of binuclear
Mn compounds show that the terminal ligand environ-
ment (tacn vs. bpea) has a significant effect on the Mn
XANES despite the similarity in the core structure and
halide ligand. Aromatic ligands have unoccupied ©*
orbitals which can have strong n back-bonding interac-
tions with the Mn d-orbitals. The shape of the absorp-
tion K-edge is remarkably different for Mn,Cl,(t) and
Mn,Cl,(b), and the edge energy for the binuclear Mn
compounds containing the aromatic bpea ligands is
generally lower than that of the tacn compounds. All of
these structural factors impede a direct comparison of
the IPE values between compounds containing chloride
in place of oxygen ligands.

Lastly, the XANES region can be affected not only
by the covalency but also by the symmetry of the metal
center [29, 30]. Less susceptible to changes in the valence
environment of the metal, the “forbidden 1s — 3d pre-
edge (XANESMn3zOH pre-edge is noticeably higher
than that of the other compounds. This change in the
symmetry of the metal center is confirmed by XRD
measurements [19], which show that there is hydrogen
bonding between the OH group and the oxygens
bridging the Mn, resulting in a distortion of the core
structure.

Further study of model compounds is needed to fully
understand the nature of the substructures seen in
absorption K-edges and to solidify correlations between
differences in chemical structure and observed spectra.
Although an indicator of Mn-ligand interactions,
IPE values cannot be used in isolation without further
consideration of the chemical structure or other
environmental factors.

Mn EXAFS

The sets of compounds chosen for this study address the
effect of the absence or presence of Cl on the observed
Mn XAS and the potential impact for studying the
structural role of the chloride cofactor in PS II. Within
each set of compounds, the chloride-containing com-
pound is distinguished by a peak in the FT profile
(Fig. 5) near apparent distance R"=1.7 A that is absent
or greatly decreased in the non-chloride-containing
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compounds. The XRD measurements of Mn,Cl,(b) and
Mn;Cl show that the Mn—Cl bond is longer than the
Mn-F and Mn-OH bonds in Mn,F,(t), MnsF, and
Mn;OH ([18, 19], Armstrong WH, Pal S, Mukhopad-
hyay S, Mok HJ, Wright DW, manuscript in prepara-
tion). This longer bond distance separates the Mn—Cl
interaction from the other short bond distances (Mn—-O
and Mn—N), resulting in a distinct shoulder or peak in
the FT profile. Fourier filtering of these features and
fitting ink-space with simulated phase and amplitude
functions of known interatomic interactions and dis-
tance allows us to assign these features to Mn—Cl
interactions.

Because crystallographic structures are available for
Mn;Cl and for Mn,Cly(b), the results of the XRD
measurements are included in Tables 1 and 2 for com-
parison with the EXAFS fit simulations. The results
from the two methods are in good agreement. In the best
fit for each compound, the largest difference in bond
distances is 0.067 A. When all parameters are allowed to
vary, the bond distances remain consistent and the
resulting coordination numbers arrive within 25% of the
expected XRD values. This gives us confidence that the
resulting EXAFS fit simulations are accurate for the
unknown structure of Mn,Cly(t) and that the observed
peak at R'=~1.7 A in all three chloride-containing
compounds is indeed due to a Mn—Cl interaction.

The phase and amplitude functions used in the fitting
procedure were calculated using the coordinates for a
compound with the same core structure. Therefore, the
binuclear Mn compounds were fit using a slightly dif-
ferent set of functions from those used for the trinuclear
Mn compounds. This implicitly assumes that we have
some idea of the starting point of the structure that
guides the iteration procedure to obtain the best fit of the
data. Because this is a situation that is not possible for a
metalloprotein system like PS II, we attempted fits of the
FT peaks near R'~1.7 A using simulated functions that
were not selected or separated according to core struc-
ture. The fits produced using these simple two-atom
(Mn-backscatterer) functions were not so satisfactory
overall, but the underlying result was the same: fits
containing a Mn—Cl interaction (at ~2.3 A) were supe-
rior to those containing a Mn—O interaction at a similar
distance. The characteristic shape of the Mn—CI back-
scatter function cannot be easily simulated by that of
Mn-F or Mn-O, which are difficult to distinguish from
each other; the fit containing Mn—Cl stands out clearly as
the best fit in the chloride-containing compounds
regardless of the starting assumption of Mn core struc-
ture. The comparison of the individual Mn—-O, Mn-F,
and Mn-Cl backscatter functions with an interatomic
distance of 2.2 A is shown in Supplementary Fig. S1.

Conclusions

This study demonstrates that XAS can be used to detect
Mn—Cl ligation in a set of Mn compounds that possess

the same Mn oxidation state and similar core structures.
The XANES data show that the K-edge energies of
structurally analogous compounds with different halides
(CI versus F) show a detectable decrease in the Mn K-
edge energy with decreasing ligand electronegativity.
However, the comparison between Cl and O is not
conclusive, owing to differences in the structures of
Mn,OAc(b) and Mn3;OH, as compared to the chloride
containing compounds. This finding has implications for
the interpretation of the OEC XANES data. First, the
Cl/Mn atom ratio in the OEC is 1/4 [11], while in these
compounds it is 1/1 or 1/3. Thus, the effect of direct
chloride ligation among the Mn—O bonds in the OEC
may not be easily detected in the Mn K-edge, although
chloride has a somewhat lower electronegativity than
oxygen. Second, slight changes among the core struc-
tures of the model compounds have an effect on the
observed XANES. This means that significant changes
in the Mn K-edge energy cannot be attributed solely to
changes in the Mn oxidation state, but can also be the
result of structural rearrangement due to chloride
binding or releasing at different stages of the water
oxidation cycle. The evaluation of XANES is strength-
ened by coupling with other techniques like XRD or
XRF (X-ray fluorescence) [32].

In the post-edge region, the k-space view of the EX-
AFS profile in each set of model compounds shows that
the amplitude and frequency is affected by the longer
Mn-Mn and Mn—ClI bond distances found in the chlo-
ride-containing compounds. In fact, it may be this
longer Mn—Cl bond that allows detection in the FT
profile where a peak or shoulder appears near
R’=1.7 A. Simulations of these features fit best to Mn—
Cl interactions with a ~2.3 A bond distance; in the case
of Mn3Cl and Mn,Cl,(b), all structural parameters ob-
tained from the EXAFS data are in good agreement
with available results from XRD measurements. This
validation gives us confidence that interpretation of the
EXAFS data from the unknown Mn,Cl,(t) structure is
also accurate. Furthermore, EXAFS measurements are
able to detect changes in the OEC structure as it cycles
through the five S-states of the water oxidation process.
Chloride has been shown to be a necessary cofactor
during the S, — S; transition [10, 11, 13], but it is un-
known whether it is directly ligated to the Mn core of the
OEC. Polarized Mn EXAFS measurements of PS II
samples poised in the S;-state showed considerable
dichroism and significant structural changes compared
to the S,-state [33]. The FT of the EXAFS spectrum
from the Ss-state data clearly shows a Fourier peak near
R'=~1.9 A. Although this apparent distance is longer
than that found in the chloride-containing model com-
plexes in this study, the isolated k-space profiles are
similar. Simulations of this R'~1.9 A feature in PS II
revealed that the best fit is a Mn—Cl interaction with a
2.2 A bond distance, suggestive that chloride may be a
direct ligand of Mn during the S;-state. The results from
the model compounds presented in this paper support
that conclusion.
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